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Abstract 
Laser-driven particle accelerators based on dielectric laser acceleration are under development and exhibit unique and 
challenging pump requirements. Operation in the mid-infrared (5 µm) range with short pulses (<1 ps FWHM), high pulse 
energy (>500 µJ) and good beam quality is required. We present our progress on the design and development of a novel two-
stage source of mid-infrared pulses for this application, which is based on optical parametric amplification. Beta barium borate 
and zinc germanium phosphide crystals are used, and are pumped by a Ti:sapphire ultrashort laser and seeded by self-phase 
modulation and parametric generation-based sources. 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Laser-driven particle acceleration represents an increasingly attractive approach for production of high 
brightness electron beams and advanced light sources. The development of laser-driven acceleration methods could 
result in a considerable increase in acceleration gradient and/or commensurate reduction of system size, 
complexity, and cost. Promising techniques based on laser-beam interactions could also improve the performance 
of bright light sources such as free electron lasers and their applications. Laser requirements for these applications 
are frequently unique and stringent, requiring a dedicated effort to advance and adapt the current and develop new 
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laser technologies. The major trends in research and development of lasers for particle accelerators and advanced 
light sources include the efforts to increase the repetition rate and efficiency of high peak power systems by use of 
technologies such as a fiber laser coherent addition (phasing), increasing the peak power available from individual 
fibers, developing new materials and cooling approaches for bulk lasers, and developing laser hosts and nonlinear 
optical approaches to realize high-power coherent sources in the mid-infrared regime. Here we focus on the latter 
goal as a means to provide pump sources for novel dielectric laser accelerator schemes (Naranjo et al, 2012). 
A significant development of mid-IR laser sources, covering the wavelength range from 2 m to 25 m, has 
occurred since 1980s due to their extensive application in the areas such as molecular fingerprinting (Diddams et 
al., 2006), trace gas detection (Thorpe et al., 2008), frequency combs (Schliesser et al., 2012), and laser 
spectroscopy (Tittel et al, 2003). Production of mid-IR pulses remains technically challenging, especially if high-
energy and ultrashort pulses are sought. Simultaneously, the rapid development of microfabrication techniques for 
dielectric structures has led to increasing interest in laser-driven particle acceleration in such photonic structures 
(Rosenzweig et al., 1995, Plettner et al., 2008). By using a mid-IR laser source, multiphoton ionization leading to 
the breakdown of the dielectric structure can be largely mitigated. Long laser wavelength also allows relaxation of 
all structure dimensions, and permits larger structure apertures and stored energies, thus allowing greater pump 
energies to be used to pump the structure. 
2. Requirements, Technical Approach, and System Design 
Our proposed dielectric-based laser accelerator requires a mid-IR pulsed laser source which operates at 5 μm 
wavelength with 500 μJ of pulse energy and 1 ps FWHM pulse duration. Laser gain media for direct production of 
mid-IR high-energy laser pulses do not exist, which requires that various nonlinear frequency conversion 
technologies be considered. Optical parametric generation (OPG)/optical parametric amplification (OPA) is an 
ideal approach for this application, capable of extending the wavelength to the mid-IR region through frequency 
down-conversion of the established and widely available high-energy short-pulse lasers, such as the Ti:sapphire 
(Ti:Sa) laser. 
Figure 1. Overview of the technical approach for the two-step OPA system for 5 µm pulse production. 
 
A schematic overview of our OPA system is presented in Fig. 1. The 5 μm mid-IR laser source is realized by 
using an OPG/OPA system based on parametric down conversion. Among a few candidates for nonlinear crystals 
which could be utilized in mid-IR wavelength region (Nikogosyan 2005), ZnGeP2 crystal has been chosen for our 5 
μm source due to its excellent transparency in the mid-IR wavelength region, high nonlinearity, and commercial 
availability of high optical quality crystals. Femtosecond OPG operation in the mid-IR wavelength region has been 
demonstrated with ZnGeP2 (Petrov et al., 1999). With suitable anti-reflection (AR) coating for both the pump and 
the output mid-IR wavelengths, the quantum conversion efficiency for ultrashort pump pulses could be expected to 
be >40% due to the extremely high damage threshold (>100 GW/cm2) of the crystal and the relatively favorable 
group velocity matching. 
From the perspective of portability and robustness of the OPG/OPA system, as well as the compactness of   
design and its final integration with the dielectric particle accelerator, the optimal solution for the pump source for 
the 5 μm OPG/OPA system is a Tm/Ho/Cr-doped high-energy solid-state laser that operates around 2 μm. Because 
of the limited performance and maturity of Tm/Ho/Cr-laser technologies, however, alternative approach to realize 
high-energy 2-μm pump source has to be considered. In our design, a surrogate OPA source pumped by a mature 
Ti:Sa laser is employed. This approach is mid-IR-pump-compatible since the 2-µm nonlinear pump source can be 
directly replaced by a Tm/Ho/Cr-based high-energy short-pulse laser in the future when such systems become 
available at the required energy range and sufficient robustness. 
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The optical design of the 5-m OPG/OPA system is presented in Fig. 2. The practical experimental setup is 
subsequently constructed based on the characteristics of the 2-µm pump beam. Once the system has been 
constructed, among all optical elements, only telescopes need retuning or replacement for different pump 
conditions, such as changing the pump beam size, beam divergence, or pump pulse duration. 
 
Figure 2. Optical design of the 5-μm OPG/OPA system. BS: beam splitter; L1-L6: lenses for telescopes; C1, C2: 
ZnGeP2 crystals; M1-M4: HR mirrors for 2.05-μm beam; M6-M9: HR mirrors for 5-μm beam; M10: HR mirror 
for 3.47-μm beam; M5, DM1-DM3: dichroic mirrors; Delay: translation delay line for pump beam. 
3. Generation of Seed Pulses at 5 µm 
For verifying the operability of our two-step OPA design, the demonstration of 5-m seed pulse generation is 
essential. For this purpose, a 1 mm-thick ZnGeP2 crystal is used in an OPG. The crystal is coated with broadband 
AR coating (2-5 m) and cut at θ = 56.1°. Since only type I phase matching is available for 5 m generation with a 
pump wavelength at 2.05m (Zelmon et al, 2001), the azimuthal angle φ is cut at 0° for type I phase matching, 
which results in an effective nonlinearity deff = d14 sin2θ, which is as high as 77.3 pm/V (Boyd et al., 1971) for 5 
m generation. In addition, the residual near-infrared (NIR) absorption of the ZnGeP2 crystal is exceptionally low, 
~0.04 cm-1 at 2.05m (Schunemann et al., 1997). Thus the absorption losses for a pump wavelength of 2.05 m do 
not exceed 1% in the single-pass OPG configuration. 
As a pump source for the OPG we used a commercial NIR OPA (Palitra-FS, Quantronix) that, in turn, was 
pumped at a 10 Hz repetition rate by 4.5-mJ, 40-fs FWHM pulses from a Ti:Sa amplifier system (Trident, 
Amplitude Technologies), with wavelength near 800 nm. Type II interaction in BiBO crystal takes place in the 
NIR OPA to produce the signal and the idler that are perpendicularly polarized and enable pulse energies of ~200 
J for the idler output at 2.05 m with pulse durations of ~100 fs FWHM. The idler beam is resized to a beam 
diameter ~2 mm by a pair of CaF2 lenses, and is incident on the ZnGeP2 crystal. A dielectric-coated dichroic mirror 
and a long-wave-pass filter (LP-1700 nm, Spectrogon) are used to separate the signal and the idler beam from the 
NIR OPA and further suppress possible visible radiation coming from the NIR OPA, respectively. The spatial 
walk-off between the 2.05-m pump and the 5-m OPG is negligible in the geometry used in our experiment.  
For the energy measurement of both the 2.05m pump pulses and the 5-m signal pulses from the ZnGeP2 
OPG, we used a pyroelectric detector with a sensitivity of ~20 nJ. Another dichroic mirror and long-wave-pass 
filter (LP-4500 nm, Spectrogon) are applied for separation of 5-m signal pulses from pump pulses and the 
additional generated OPG pulses at 3.47 m. Spectral properties of 5m signal pulses collected by a 20-cm 
uncoated CaF2 lens are analyzed using a 0.55-m monochromator (300 mm-1 grating blazed at 4 m) in combination 
with a thermoelectrically cooled InSb photodetector. 
5-m pulses from ZnGeP2 OPG could be well collected and detected by the InSb photodetector, as shown in 
Fig. 3. The relatively quick drop off of the short-wavelength component of the spectrum originates from the 
transmission of the long-wave-pass filter. Spectral broadening in 5 m production owing to off-axial interaction 
could be neglected since a collimated pump beam was used in our unseeded traveling-wave femtosecond OPG, and 
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therefore, the temporal features of the 5-m pulses can be reliably predicted on the basis of the group velocity 
mismatch (GVM). Assuming a Fourier time-bandwidth product of 0.53, equal to that of original NIR pump pulses 
from the Ti:Sa amplifier, the spectral bandwidth of the 5 m pulse leads to pulse durations of ~80 fs FWHM. 
   
Figure 3. 5-μm signal spectrum from ZnGeP2 OPG 
 
 
The output energy at 5 m was measured to be ~50 nJ per pulse, and is limited by the finite interaction length 
in the crystal, pump intensity, and pump divergence, which affects the phase matching. We believe that the 
conversion efficiency of ZnGeP2 OPG could be significantly improved by further optimizing pump conditions. 
However, even at the 50 nJ level this seed is sufficient for seeding a high-gain 5 µm OPA and the further increase 
of seed energy produced by OPG is not expected to have a significant impact on the overall system performance.  
4. Development of 2 µm Pump Source 
We next describe the design and performance of the surrogate 2-µm pump source we developed for pumping the 
5-µm OPA. The two-stage OPA experimental setup is depicted in Fig. 4. The OPA is pumped by a commercial 
amplified Ti:Sa laser system (Trident X, Amplitude Technologies), producing 40-fs FWHM, 14-mJ pulses centered 
at 800 nm, with a repetition rate of 10 Hz. Two beta-barium borate (BBO) nonlinear crystals with dimensions of 5
52.5 mm3 and 15152.0 mm3 have been used in the first stage and the second stage OPA, respectively. 
The crystals were cut at an angle θ = 25.9 for Type II (ep  os + ei) phase matching. Both OPA crystals were 
coated for all three wavelengths occurring in OPA. The relatively small group velocity mismatch among the three 
wavelengths in BBO allows the use of relatively thick crystals, even for 40-fs FWHM pump pulses, thus reducing 
the required pump intensity to realize high gain in each OPA stage. Full-fledged crystal growth techniques 
available for BBO crystals offer large aperture and high optical quality, resulting in high-peak-power scalability. In 
addition, BBO exhibits a much lower absorption (only ~0.04 cm-1) near 2 μm wavelength when compared to BiBO 
(~1.05 cm-1), which is often used in ultrashort pulse OPA. 
In our experimental setup, the pump pulse energy is split by two beamsplitters (BS1 and BS2). The pulse 
transmitted by BS2 is used to produce a white-light continuum (WLC). After passing through a neutral density 
filter and an iris, the pulse with <1 μJ energy is focused onto a 3-mm-thick sapphire plate to generate a stable 
single-filament continuum. The WLC is collimated by a lens and directed to the first OPA crystal via a delay line, 
with the residual pump beam removed by a dichroic mirror DM2. The ~800 µJ pulse reflected by BS2 is focused 
onto the first BBO crystal by a 500-mm focal length lens. One desires to keep the degradation of pump beam 
quality incident onto the OPA at a minimum to maximize the parametric conversion efficiency, but the ultrashort 
pulse duration of the pump pulse induces a considerable self-focusing and B-integral when passed through any 
appreciable length of material. Ideally, an all-reflective beam resizing setup should be used to mitigate this issue, at 
an expense of the increase in system footprint. We adopt a compromise design based on one slow focusing lens 
instead of the beam-resizing telescope to adjust the size of the pump beam for pumping OPA, with an acceptably 
low beam degradation. The position of the first BBO crystal is optimized for maximum conversion efficiency in the 
first OPA stage, but far enough from the position where significant optical parametric generation could be 
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produced. A ~1º angle between the seed WLC and the pump beam is employed to separate the signal and idler 
beams from the first OPA. The signal beam at 1.31 μm is subsequently used to seed the second OPA stage and 
reduce back conversion. Most of the pump laser pulse energy (~12.4 mJ) is reflected by BS1 and is directed to the 
second OPA crystal via another delay line, without using any focusing lenses to minimize self-focusing and self-
phase-modulation effect on the pump beam in this part of the system. Although placed at ~4 m from the pump laser 
output, the 1/e2 pump beam diameter at the second OPA crystal is ~13 mm, causing very low pump beam 
divergence (a half-angle of ~0.04 mrad). Finally, the amplified signal pulse at 1.31 μm, the idler pulse at 2.05 μm, 
and the residual pump pulse at 800 nm are separated using two dichroic mirrors. 
To realize the most efficient amplification in this two-stage OPA design employing BBO crystals, both the type I 
and type II phase matching in BBO have been investigated. We also experimentally implemented a type I OPA 
design, with both BBO crystals cut at θ = 19.9º and same dimensions as in the type II design. The motivation for 
using type I phase matching is its ~23% higher effective nonlinearity, ~3.5x broader PM bandwidth, and ~3x lower 
group velocity mismatch. However, the parasitic second-harmonic generation (SHG) at phase matching angles 
neighboring those for type I OPA (θ = 21.3º for 2.05 µm and θ = 20.4º for 1.31 μm) significantly reduced the 
output pulse energy and beam quality, with a maximum 2.05-µm energy of only 1.3 mJ produced. After replacing 
the type I crystals with type II crystals, the parasitic SHG of both signal and idler were efficiently suppressed. In 
the type II phase matching configuration we produced mid-IR laser pulses at 2.05 μm with average pulse energy of 
2.2 mJ, smooth beam profile (Fig. 5 inset), and energy stability of 1.13% rms over 30 minutes. This signal energy 
stability has been achieved with the stability of the Ti:Sa pump of 1.24% rms. An improvement in stability is 
possible due to the operation of the system under the conditions of deep pump depletion. The typical output energy 
from the first OPA was ~50 µJ, while the WLC seed energy could not be reliably measured due to its wide 
diveregence and broad bandwidth. 
 
Figure 4. The optical design of 2.05 μm two-stage OPA system. BS1, BS2: beamsplitters; L1-L8: lenses for 
telescopes; C1, C2: BBO crystals; S1: supercontinuum generator; S2: pulse stretcher; WP: half waveplate; M1-M6: 
HR mirrors for 0.8 μm beam; M8-M9: HR mirrors for 1.31 μm beam; M10: HR mirror for 2.05 μm beam; M7, 
DM1-DM4: dichroic mirrors; Delay1: translation delay line for supercontinuum beam; Delay2: translation delay 
line for pump beam. 
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Figure 5. Measured spectrum and beam profile of amplified 2.05-µm pulses
The spectrum of 2.05-μm pulses has been measured by a scanning grating spectrometer with an InSb photodiode
and is shown in Fig. 5. The spectrum is centered at a wavelength of 2.05 μm with a FWHM of 142 nm. A complete 
temporal characterization of produced 2.05-μm pulses has been performed using using SHG frequency resolved
optical gating (SHG-FROG) based on a 200-μm-thick type I BBO crystal, and the result is shown in Fig. 6. The 
pulse width reconstructed from the SHG-FROG measurement is 87 fs FWHM, producing an autocorrelation width
of 127 fs FWHM, in excellent agreement with an independently measured autocorrelation trace. Negative group
delay dispersion dominates the residual spectral phase, which could be well compensated with material dispersion.
Figure 6. Typical SHG-FROG measurement results for the 2.05-μm pulse: (a) measured and (b) retrieved FROG
trace, (c) retrieved pulse and (d) autocorrelation calculated from the retrieved pulse.
It is worth nothing that in the present two-stage OPA, carrier-envelope-phase (CEP) stabilization is passively
achieved for the produced 2.05-μm pulses. Unlike in the OPA design seeded by optical parametric generation, in
which the seed pulse for parametric amplification is initiated by quantum noise with random phase, a constant
phase relationship is present between the WLC and the pump pulse. This phase relationship is preserved when the
signal pulse is amplified in the OPA. Thereafter, the amplified signal pulse and the pump pulse produce and idler 
pulse at 2.05 μm with fixed CEP, regardless of the CEP of the pump pulse, as experimentally verified in prior work
(Baltuska et al., 2002).
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5. Conclusion 
Advanced laser technology operating at 5-µm wavelength is needed to realize a novel class of compact particle 
accelerators based on dielectric laser acceleration. We have developed a design and are proceeding with 
construction of a two-stage parametric down-conversion source which is pumped by a mature, commercial 
ultrafast Ti:Sa laser. At this time a robust scheme for seed pulse generation at 5 µm has been demonstrated and a 
high-energy surrogate 2-µm pump source has been constructed. In the future the 5-µm seed pulse will be amplified 
to hundreds of µJ in additional ZnGeP2 OPA stages. It is expected that in the future we will replace the surrogate 2-
µm source based on BBO OPA with a direct laser source based on Tm/Ho/Cr technology. 
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